The Ordovician hardground faunas of Estonia are not diverse. They include echinoderm holdfasts (i.e., eocrinoids and crinoids), edrioasteroids, bryozoans (both hemispherical trepostomes and stalked ptilodictyids) and cornulitids. The earliest hardground faunas appeared in the Dapingian (i.e., bryozoans and echinoderms). The Estonian hardground faunas are less diverse than the North American ones. North American hardgrounds seem to be more heavily encrusted than the Estonian ones. These differences may be due to the paleogeographic distances, different climates and different sedimentation environments of the paleocontinents. 
Introduction
Carbonate hardgrounds are synsedimentarily cemented carbonate layers that have been exposed on an ancient seafloor (WILSON & PAL-MER, 1992) . Hardgrounds form excellent attachment surfaces for encrusting and bioeroding (i.e., boring) organisms (PALMER, 1982) . These organisms otherwise dwell on carbonate cobbles or exoskeletons of various invertebrates. Carbonate hardgrounds are more common in calcite sea conditions, such as in the Ordovician, than in aragonite seas. Calcite seas favored early cementation of carbonate sediments in the seafloor . Ordovician hardground faunas are relatively well documented. They are among the best studied hardground faunas in general, especially the North American examples. Much less is known of Ordovician hardground faunas in Baltica and the eastern Baltic. The earliest hardground ichnofaunas of Baltica include Trypanites and Gastrochaenolites? from the latest Early Ordovician . Ripple marks associated with the hardground in the Vasalemma quarry were described in detail by HINTS & MIIDEL (2008) . They also mentioned the occurrence of Trypanites borings and the edrioasteroid Cyathocystis. Another hardground is located above the reef bodies in the Vasalemma quarry. This hardground is remarkable for its numerous cornulitid encrusters. This paper attempts to: 1) identify encrusted hardgrounds in the Ordovician of Estonia, 2) identify hardground encrusters in the Ordovician of Estonia, 3) find trends in the record of hardground encrustation in the Ordovician of Estonia, 4) find possible controls on the hardground encrustation in the Ordovician of Estonia, 5) compare hardground encrustation in Baltica with that of North America.
Geological background and locality
The area of Estonia (Fig. 1 ) was covered by a shallow epicontinental sea in the Ordovician. The Ordovician sequence of northern Estonia is relatively complete (Fig. 2) and represented mostly by carbonate rocks, except for the terrigenous Lower Ordovician part. Ordovician carbonate rocks are exposed in northern Estonia as a wide belt from the Narva River in the east to Hiiumaa Island in the west (MÕTUS & HINTS, 2007) . The drift of Baltica from the southern high latitudes (i.e., temperate climate zone) to the tropical realm caused a drastic climatic change (SCOTESE & MCKERROW, 1990; TORSVIK et al., 1992) . Sedimentation rate of carbonates increased during the warming of the climate. Due to climatic change deposits that are characteristic of an arid and tropical climate appeared in the Estonian Ordovician sequence (MÕTUS & HINTS, 2007) . In the Early and Middle Ordovician, when the Baltic sedimentation basin was situated in a temperate climate zone, these types of tropical deposits were completely lacking (JAANUSSON, 1973) . The first signs of a warm climate in the early Katian include the appearance of tabulate corals, stromatoporoids and reefs, but it was not until the Hirnantian that they became prevalent (MÕTUS & HINTS, 2007) .
The large Vasalemma quarry is situated in Vasalemma settlement in northwestern Estonia (Fig. 1) , west of the Keila-Riisipere railway. Limestones of the quarry are excavated by Nordkalk AS down to the rippled upper surface of the Pääsküla Member of the Kahula Formation (HINTS & MIIDEL, 2008) . The Vasalemma Formation consists of a succession of biodetrital grainstones up to 15 m thick with numerous intercalated reef bodies, composed of bryozoan framestone-bindstone, echinoderm bindstone, receptaculitid-bryozoan-microbial framestone, and tabulate bafflestone. The reef bodies reach diameters of more than 50 m (KRÖGER et al., 2014) . The studied hardground surfaces are located above the reef bodies and at the base of Vasalemma Formation (Fig. 3) . Vasalemma 2 hardground -Three hardground slabs collected from the Vasalemma quarry were studied for encrustation and bioerosion using the collections of Institute of Geology, Tallinn University of Technology. The studied hardground area was 562 cm 2 . Only the hardground upper surface was exposed for the study. This hardground forms the upper surface of Vasalemma Formation (early Katian).
Material and methods

Hardground
Sample orientation was marked during collecting. Samples were manually cleaned with water and soft brushes. Maximal number of Trypanites borings was counted in 4cm 2 using a cm grid drawn on a transparent film (TAPANILA et al., 2004) . A centimeter grid was also used to measure the area of the studied hardground surface. A millimeter grid drawn on a transparent film was used to measure the area covered by cornulitid and bryozoan encrusters. An Olympus B 061 binocular microscope equipped with caliper (accuracy 0.1 mm) was used to measure cornulitid specimens. The hardground samples were photographed using Nikon 7000 digital camera. 
Previously studied hardgrounds
Cape Pakri hardground (VINN, pers. obs.) -The encrusters compose of discoidal echinoderm holdfasts and a ptilodictyid bryozoan holdfasts (Figs. 2 & 4; Table) cemented to the hardground surface within the Pakri Formation (Darriwilian). The encrusters cover only 4.65 cm 2 (0.37%) of the total hardground sample studied (1260 cm 2 ). Sample represents sandy limestone of relatively shallow water and nearshore origin (RAUKAS & MIIDEL, 1997) 
Results
The hardground cobbles from Väike-Pakri Island
The Dapingian hardground cobble studied (Toila Formation of Volkhov Regional Stage) is formed of pure grey limestone and has a slightly lens-shaped profile. Its surface is strongly mineralized by pyrite and has a much darker coluor than the matrix. , 1997) .
Vasalemma 1 hardground
The surface of hardground has a dark brownish-grey colour due to mineralization by pyrite, contrasting to the grey limestone matrix. The surface is eroded and cuts the bioclasts in the hardground. We found just a single eroded cornulitid cemented to the hardground upper surface. The encrustation area of the studied hardground samples is 0.2 cm 2 of 818 cm 2 (0.02%). HINTS and MIIDEL (2008) reported also encrustation by edrioasteroid echinoderm Cyathocystis, which we did not find. The sample represents relatively shallow water and near shore sediments (RAUKAS & MIIDEL, 1997) ( Table) .
Vasalemma 2 hardground (above reefs)
The hardground surface has a darker grey colour than the rest of rock matrix, which is light grey in colour Table) . The hardground occurs on the upper surface of a reef limestone layer. Its surface is relatively smooth, with possible marks of microbioerosion. Bioclasts in the hardground are abraded on the hardground surface. Its ledges have rounded edges. Crypts are formed under the hardground ledges. The hardground ledges are 2 to 9 mm thick. The top surface of hardground is encrusted by cornulitids and branching bryozoans (Fig. 8) . The total encrustation area is 7.4 cm 2 (1.3% of the total hardground surface studied).
Numerous Cornulites sp. tubes occur on the upper surface of the hardground (area 562 cm 2 , N=18) (Fig. 5) . These tubes lack preferred orientation. Their maximal diameters vary from 1.1 mm to 3.5 mm (mean 2.59 mm, sd=0.64, N=18). Most tubes are of similar large size, but juveniles also occur. Some tubes were broken off from the hardground and their bases were subsequently overgrown by other cornulitids. Overgrowth occurs between four specimens of cornulitids. Weathered and broken off tubes (tube bases) occur on the hardground (N=4). Distribution of cornulitids on the hardground is patchy. Cornulitids cover 1.3% of the studied hardground surface (562 cm 2 ), but in some places they may encrust up to 4% of the hardground surface.
Cornulites sp. tubes are straight to moderately curved, up to 1.7 mm long, and with diameters ranging from 1.1 mm to 3.5 mm (mean 2.59). The divergence angle of the tubes is 10. One branching trepostome bryozoan encrusts a cornulitid tube (Fig. 8) . The bryozoan encrustation area is 2.5 cm 2 (0.45% of the total hardground area).
In addition to cornulitids and bryozoans, a few Trypanites borings occur in the upper surface of the hardground. Trypanites borings range from 0.2 to 2.1 mm in diameter. There is a maximum five Trypanites borings per 4 cm 2 of the hardground upper surface, but some areas (up to 10 cm 2 ) have no borings.
Discussion
Vasalemma 2 hardground
We interpret the palaeoenvironment of the Vasalemma hardground community as a shallow sea floor of normal salinity below the tidal zone on the basis of fauna and sediments (KRÖGER et al., 2014) . The relatively dark color of the hardground surface as compared to the rest of rock matrix is probably due to slight pyritization during diagenesis. The hardground was most likely cemented under sediment cover and exposed later to winnowing, which also exposed the cryptic surfaces. The occurrence of abraded bioclasts of reef origin in the hardground indicate that the hardground was abraded before the cornulitid and bryozoan encrustation. The sediment layer below the hardground may have still been soft or less cemented than the hardground during the abrasion; this conclusion is supported by the occurrence of crypts.
The relatively low bioerosion density on the studied Vasalemma hardground for the Late Ordovician (VINN's pers. obs.) could indicate a relatively short exposure time for the hardground, before it was buried by sediments, or a relatively low number of bioeroding organisms in the Vasalemma hardground community. However, considering the small size of the studied hardground sample and the usual patchy distribution of Trypanites borings, it is likely that the samples do not represent the most bioeroded part of the hardground.
Cornulitid tubeworms form an important and primitive group of the encrusting tentaculitoids. Cornulitids are presumably phylogenetically closely related to free-living tentaculitids (VINN, 2010) . The biological affinities of cornulitids have long been debated. They most likely represent Lophothrochozoa (VINN & ZATOŃ, 2012) and could belong to stemgroup phoronids (TAY-LOR et al., 2010) . Their palaeoecology is relatively well documented and understood as they generally retain their original position on the substrate after fossilisation (TAYLOR & WILSON, 2003) . In contrast to their close relatives, the microconchids that lived in waters of various salinities, cornulitid tubeworms are found only in normal marine sediments . Shallow marine sediments, especially those associated with carbonate platforms, are usually rich in cornulitid fossils. Cornulitids were most abundant in the Late Ordovician to Devonian, but their fossils are known also from the Carboniferous (VINN,  2010) . Six adaptive strategies have thus far been described in cornulitids, indicating a diverse ecology (VINN, 2010) .
Cornulitids show that hardground was exposed to encrusters long enough to allow at least two generations of cornulitids to colonize it, and then bryozoans to encrust the cornulitids. The numerical dominance of large sized Cornulites sp. specimens resulted presumably from colonization event/s where most of specimens reached adult size after the settling on the hardground. High juvenile mortality is common in many modern invertebrates. The situation with the Vasalemma hardground cornulitids can either be explained by low juvenile mortality or weaker preservation potential of juvenile specimens. The empty juvenile tubes could have been destroyed by the hydrodynamic activity of the waters above the hardground. The random orientation of the tubes indicates the lack of unidirectional water current or random settlement of larvae or lack of larvae reorientation after settlement. If there was unidirectional water current, the cornulitids would have oriented their apertures up current to achieve better position for suspension feeding. Oriented cornulitids have been reported from Ordovician to Carboniferous brachiopods (SCHUMANN, 1967; VINN, 2010) where they presumably took advantage of the feeding currents of brachiopods.
Middle Ordovician hardgrund encrusters
The Middle Ordovician hardground faunas of the Estonia are not diverse. They include only bryozoans and echinoderms. Among the bryozoans both domical colonies and stalked colonies (possible ptilodictyids) occurred. Echinoderms were represented at least by three different stemmed forms (i.e., eocrinoids or crinoids).
Trends in the hardground encrustation in the Ordovician of Estonia
All samples derive from relatively shallow water environments and no obvious bathymetric or sedimentological trends can be established for the Ordovician of Estonia (RAUKAS & TEEDUMÄE, 1997) . However, there is a stratigraphical trend in the taxonomic composition of hardground encrusters in the Ordovician of Estonia.
In the Dapingian the first hardground encrusters appeared in the Ordovician of Estonia. They included bryozoans (possibly trepostomes), and echinoderm holdfasts (i.e., eocrinoids or crinoids). During the Darriwilian, ptilodictyid bryozoans appeared, but in general the early Middle Ordovician and late Middle Ordovician hardground faunas of Estonia were similar. In the Late Orodovician (early Katian) edrioasteroids (i.e., Cyathocystis) and cornulitids (i.e., Cornulites) appeared. Most notable is the late appearance of edrioasterioids in the Ordovician hardground communities of Estonia. Similarly, cornulitids are known from the late Darriwilian of Estonia (VINN, 2013), but they colonized hardgrounds later in the early Katian.
There seems to be no remarkable stratigraphic trend in encrustation intensities in the Ordovician of Estonia, which is surprising considering the great climatic change in Baltica (SCOTESE & MCKERROW, 1990 ; RAUKAS & TEEDU-MÄE, 1997) while moving from the temperate zone to tropics and the diversification of faunas during the Great Ordovician Biodiversification Event (GOBE) (WEBBY et al., 2004) .
The hardground encrusters of the Ordovician of Estonia compared to the other regions
The Middle Ordovician hardgrounds of Estonia are very sparsely encrusted (<1% of the hardground area) as compared to known North American analogues. 10.5% of the Kanosh Shale hardground area is covered by encrusters which is a magnitude more than any known Middle Ordovician example from Estonia. Similar to Estonian (Baltica) faunas, North American Middle Ordovician hardground faunas contain bryozoans and echinoderms .
The Late Ordovician Vasalemma 2 hardground has a relatively small number (N=1) of branching bryozoans in the association, which usually cover the largest area on the other Ordovician hardgrounds, especially North American ones (BRETT & LIDDELL, 1978; TAYLOR & WILSON, 2003) . The Vasalemma 2 hardground fauna is unique for its numerical dominance by Cornulites sp. What is the reason for the high abundance of Cornulites sp. in this association? They may have been opportunistic suspension feeding encrusters, successful in conditions of low competition with other suspension feeders. Similar opportunistic behavior has been described in microconchids (ZATOŃ & KRAWCZYŃSKI, 2011; ZATOŃ et al., 2012 ZATOŃ et al., , 2013 , a group of spirorbiform tubeworms descended from the same ancestor as the cornulitids (VINN & ZATOŃ, 2012) .
The relatively low skeletal coverage (1.3%) of the Vasalemma 2 hardground and an extremely low skeletal coverage (0.02%) of the Vasalemma 1 hardground contrast with the higher coverage of Late Ordovician analogues from North America (BRETT & LIDDELL, 1978; BRETT & BROOKFIELD, 1984) . This could represent a paleobiogeographic difference caused by a slightly colder climate in Baltica and possibly differences in faunal composition and sedimentation (RAUKAS & TEEDUMÄE, 1997) . It can also be explained by low nutrient levels in the local sea water of Baltica (low productivity, e.g., LESCIN-SKY et al., 2002; WILSON et al., 2015; ZATOŃ et al., 2015) or by a large area of hardground being occupied by soft-bodied organisms in the community, which did not preserve as fossils. Alternatively, low skeletal coverage may indicate a short exposure time of the hardground (LESCINSKY et al., 2002) .
The North American Middle Ordovician and Late Ordovician hardground faunas (BRETT & LIDDELL, 1978; BRETT & BROOKFIELD, 1984; seem to be more diverse than the Estonian ones (Baltica). This may be due to a different faunal composition caused by paleogeographic distance. During the Ordovician North America was located in a tropical zone while Baltica was located in a temperate zone until the earliest Katian. Thus, most likely the lower diversity of Estonian Ordovician hardground faunas was mostly caused by the different climates of the paleocontinents. It is a general trend that tropical faunas are more diverse than temperate ones (BARNES & HUGHES, 1999) .
